Background. Despite intensified efforts to reduce hospital-onset Clostridium difficile infection (HO-CDI), its clinical and economic impacts continue to worsen. Many institutions have adopted bundled interventions that vary considerably in composition, strength of evidence, and effectiveness. Considerable gaps remain in our knowledge of intervention effectiveness and disease transmission, which hinders HO-CDI prevention.
intervention comparative effectiveness, yet this methodology has been underutilized in the field [16] .
Our group published an initial agent-based model of C. difficile transmission in 2014, investigating the clinical effectiveness of vancomycin treatment, contact isolation and cohorting, healthcare worker (HCW) hand hygiene, and environmental cleaning [18] . Subsequent changes in CDI epidemiology, diagnostic testing modalities, and the rapid implementation of novel interventions aimed at CDI prevention prompted us to design a new version of that original model. Here, we developed an agent-based model of C. difficile transmission in a midsized adult hospital that reflects current CDI epidemiology and hospital practices, and evaluate the clinical effectiveness of 9 infection control interventions.
METHODS

Approach
We developed an agent-based simulation model of C. difficile transmission in a 200-bed adult hospital. Agent-based modeling is an extension of discrete-event simulation in which individuals have unique attributes, are tracked individually, and interact with each other and the environment [17, 19, 20] . The hospital is divided into 10 identical wards, each containing 20 single-bed patient rooms, a visitor common area, nursing station, and physician workroom. Each model run simulates a 1-year period. The model time-step is 5 minutes.
Agents
The model includes 4 agent types: patients, visitors, nurses, and physicians. Patients are assigned a room upon arrival, although intra-or interward patient transfers can occur. Each patient is categorized into 1 of 9 clinical states representing CDI status (Table 1) . These states are updated every 6 hours based on probabilities in the model's underlying discrete-time Markov chain (Figure 1 ), adapted from our previous agent-based C. difficile model [18] . Patients are assessed for high-risk antibiotic usage at the beginning of their second hospital day. At that time, all nonsusceptible patients using these antibiotics are moved to the susceptible state. Discussion of modifications made to our previous model and recalibration details are shown in Supplementary Materials 1 and 2, respectively.
Visitors are assigned to 1 patient, whom they stay with until they leave the hospital, exiting through the ward's common room. As in the existing C. difficile transmission model by Rubin et al, 2 types of HCWs are included: nurses working on a designated ward and physicians working hospital-wide [21] . HCWs and visitors can become transiently exposed to C. difficile, and therefore contagious, transmitting C. difficile via spores on their hands, clothing, or medical equipment [22] . We assume that sick visitors and HCWs do not visit the hospital and that individuals without conventional risk factors such as hospitalization and recent antibiotic usage have a low risk of colonization [23] . Therefore, HCWs and visitors in the model cannot become colonized or infected. A discussion of the overall order of events in the model and flow diagrams of patient, visitor, and HCW logic are included in Supplementary Material 3.
Transmission
There are 10 agent and environmental interactions that can result in a new C. difficile exposure ( Figure 1C ). The probability of C. difficile transmission during an interaction is proportional to the duration of the interaction. Each possible transmission event is coded in the model as a Bernoulli trial ( Supplementary Figures  1-3) . We tracked all transmissions to quantify the contributions of each agent type and the environment to C. difficile exposure.
Parameters
To maximize model generalizability, we derived input parameter estimates from relevant results in >50 peer-reviewed studies, including literature published through April 2017 (Table 2) . Each parameter estimate was reviewed by content experts. The model was run using the mean parameter estimates. The distributions were used for sensitivity analyses, as described below.
Interventions
Nine infection control interventions were modeled, including 4 hospital centered and 5 patient centered (Table 3) . Each was modeled at 3 levels, enhanced, ideal, and a baseline, nonintervention state. The baseline state served as the control and reflected standard hospital practices expected to occur without the implementation of any active intervention. As with the model input parameters (Table 2) , intervention effectiveness and compliance parameters were derived from an extensive literature review. The derivation of these parameters utilized an additional 50 peer-reviewed studies ( Table 4 ). The distinction between enhanced and ideal interventions was based on intervention implementation details provided in the primary studies. The enhanced level reflected effects of typical intervention implementation. The ideal level reflected maximum possible effects of an intervention implemented under optimal conditions, such as additional financial resources, strong stakeholder support, leadership buy-in, and an expanded infection control workforce. Patient transfer data were lacking in the literature, so we derived these estimates from primary administrative data collected at the University of Wisconsin Hospital in Madison (Supplementary Material 4).
Interventions were evaluated both individually and in CDI bundles that introduced several interventions simultaneously. Intervention bundle composition was determined via 2 mechanisms. We took a stepwise approach first, adding interventions sequentially to bundles based on their level of clinical effectiveness when introduced in isolation. We also evaluated CDI bundles composed of interventions that content experts deemed most likely to be implemented together, for example, HCW and patient hand hygiene.
Outcomes
The 2 primary outcomes were the hospital-onset CDI (HO-CDI) rate per 10 000 patient-days and the asymptomatic C. difficile colonization rate per 1000 admissions. HO-CDI was defined as having both symptomatic diarrhea and a positive laboratory result on a specimen collected >3 days after admission to the hospital [24] .
Simulation
The model was developed and simulated in NetLogo software version 5.3.1 [25] . We employed a model with synchronized common random numbers to reduce stochastic noise leading to variance in the results and allow for direct comparison of counterfactual scenarios [26] . Details of synchronization are included in Supplementary Material 5. Details of model verification and validation, including sensitivity analyses and a limited cross-validation, are included in Supplementary Material 6.
Ultimately, we conducted 5000 runs for 19 single-intervention scenarios: 1 at baseline, 9 with 1 enhanced-level intervention, and 9 with 1 ideal-level intervention and 8 multiple-intervention bundles (Table 5) .
Statistical Analysis
Pairwise comparisons between baseline, enhanced single-interventions, ideal single-interventions, and enhanced level intervention bundles were conducted using the χ 2 test at a significance level of α = .05, using R software (3.3.3).
RESULTS
There were significant reductions in HO-CDI and asymptomatic colonization upon implementation of enhanced and ideal Table 7) . Daily cleaning with a sporicidal disinfectant and screening at admission were the 2 most effective enhanced single interventions, reducing HO-CDI to 2.48 (95% confidence interval [CI], 2.46-2.50) and 5.13 (95% CI, 5.10-5.16) cases per 10 000 patient-days, respectively. These correspond to 68.9% and 35.7% reductions in HO-CDI, compared to the baseline rate of 7.98 (95% CI, 7.95-8.02) HO-CDIs per 10 000 patient days (both P < .001). They also reduced asymptomatic colonization 77.5% and 39.2%, respectively. Visitor hand hygiene and visitor contact precaution interventions did not reduce HO-CDI or asymptomatic colonization, compared to baseline. Excluding these 2 visitor strategies, HCW contact precautions was the least effective intervention at reducing hospital-onset colonization and infection.
The difference in intervention effectiveness between enhanced and ideal intervention implementation strategies varied across interventions, ranging between 0 and 18.8% additional reduction in HO-CDI rates for the ideal implementation strategy ( Figure 2 ). Ideal strategies provided the greatest improvement for HCW hand hygiene and patient hand hygiene, the 2 interventions with the largest absolute increases in compliance between the enhanced and ideal intervention levels. C. difficile transfer efficiency environment:person 44% Triangular (29%-59%) [93] Contamination parameters
Colonized patient contaminated 38% Triangular (15%-60%) [94] [95] [96] Active CDI patient contaminated 70% Triangular (60%-80%) [96] Colonized patient room contaminated 19% Triangular (14%-35%) [96] [97] [98] Active CDI patient room contaminated 47% Triangular (36%-60%) [96] [97] [98] [99] [100] [101] Non-C. difficile patient room contaminated 7% Triangular (5%-15%) [97, 100, 101] Abbreviations: CDI, Clostridium difficile infection; EO, expert opinion; SD, standard deviation. a References for input parameter sources are included in the Supplementary Materials.
We assessed 8 CDI bundles, simulated for 5000 runs each (Table 6 ). All significantly reduced both HO-CDI and asymptomatic colonization rates. The most effective 2-intervention bundle was composed of daily cleaning and screening, reducing HO-CDI by 82.3% and asymptomatic colonization by 90.6%. Adding HCW and patient hand hygiene interventions resulted in a small, significant, additional decrease to HO-CDI and asymptomatic colonization rates. Visitor hand hygiene and contact precautions were not included in bundles, due to their negligible effect on reducing CDI or asymptomatic colonization and sustained instability at 5000 runs.
The patient-centered bundle comprised of screening at admission, patient hand hygiene, and reducing intra-and interward room transfers was more effective than the 2-pronged patient and HCW hand hygiene bundle. However, adding patient hand hygiene to the single HCW hand hygiene intervention significantly reduced HO-CDI rates by an additional 7.9%.
Nursing staff and the environment were the main sources of C. difficile transmission, each responsible for >40% of exposures at baseline conditions (Table 7) . Transmission via direct patient-to-patient contact was minimal under all scenarios, resulting in a maximum of 0.24% of exposures.
Full sensitivity analysis results are shown in Supplementary Material 7. Trends in relative clinical effectiveness of the 7 evaluated interventions changed slightly under parameter estimate variation. Cross-validation results are included in Supplementary Material 8.
DISCUSSION
Because prevalence of asymptomatic C. difficile carriage is much higher than active CDI, previous studies have postulated that asymptomatic colonization may be responsible for a considerable proportion of new CDI cases [21, 27] . Consistent with this, our 2 most effective single-intervention strategies were daily cleaning with a sporicidal disinfectant and screening at admission. These largely act by reducing transmission of C. difficile from asymptomatically colonized patients.
The daily cleaning intervention utilized a sporicidal agent in all patient rooms and common areas. The substitution of sporicidal for nonsporicidal agents in the rooms of patients without a known CDI requires little additional time for cleaning services staff [28] and, once implemented, necessitates few workflow changes. Previous studies of daily cleaning interventions have reported drastically increased compliance, resulting in >75% average daily cleaning rates for high-touch surfaces [29] [30] [31] [32] [33] . Sustaining this level of compliance can be challenging and requires continued administrative support, yet the potential benefits are substantial. In addition to C. difficile reduction, hospital-wide use of sporicidal products may reduce vancomycin-resistant Enterococcus colonization rates by nearly 25% [34] . In the context of implementation, screening patients at admission requires fewer stakeholders and behavioral changes than more complex interventions such as HCW hand hygiene or contact precautions [35] [36] [37] . The intervention can be targeted to a subset of hospital employees, namely, front-line nursing staff and laboratory services. A work systems study of a pilot C. difficile screening intervention currently in place on 1 unit at our facility found the intervention to be well received by stakeholders, including patients (unpublished data). Screening for MRSA, a similarly transmitted nosocomial pathogen, has been successfully implemented at Veterans Affairs hospitals nationwide [38] . This screening intervention had a 96% participation rate and reduced MRSA by 45% among non-intensive care unit patients. This reduction is similar to the 35.7% reduction in HO-CDI we simulated due to C. difficile screening. While asymptomatic C. difficile screening is not routinely recommended [39] , the single large existing study in which screening was implemented as a single intervention found a 56% reduction in HO-CDIs [40] . This reduction is likely higher than our model because of a concomitant, unintended increase in HCW hand hygiene during the study period. In the study, HCWs caring for asymptomatic carriers were required to use gloves and to wash their hands with soap and water. Daily disinfection of patient rooms was conducted using a chorine-based, sporicidal product.
Patient hand hygiene was another highly effective patient-centered intervention. Adding patient hand hygiene to HCW hand hygiene reduced HO-CDI rates an additional 7.9%. Typical patient hand hygiene interventions focus on patient empowerment as a strategy for increasing HCW hand hygiene, but improving compliance among patients themselves has rarely been a goal [41] . However, patients' hand hygiene rates typically decline in the hospital, and key opportunities are missed for washing hands before eating and after toileting [42] .
Patients are central to the C. difficile transmission pathway as they experience direct physical contact with HCWs, visitors, and the environment, and should be a focus for hand hygiene interventions.
Visitor hand hygiene and contact precaution interventions had no effect on HO-CDI rates. This is likely due in part to the short duration of time that visitors spent with patients. The impact of visitor interventions may vary in settings with extensive visitor contact, such as pediatric hospitals and long-term care facilities. Future modeling studies are needed to evaluate CDI interventions in these contexts.
Another reason for the null effect of visitor contact precautions may be related to limited effectiveness of contact precaution interventions in general. HCW contact precautions showed only a small effect, even though precautions were continued for the duration of a known C. difficile patient's stay. Contact precaution use is not without costs and may be associated with increased adverse effects [43] . These include higher rates of anxiety and depression [44] and increases in preventable adverse events, such as falls and pressure ulcers [45] . Current infection control guidelines state that in areas where MRSA and vancomycin-resistant enterococci are endemic, visitors may not be required to use contact precautions for these pathogens [46] . While hospitals are still recommended to consider contact precautions for visitors of CDI patients, the evidence for this recommendation is weak. Three other agent-based models of C. difficile transmission have previously evaluated intervention effectiveness, including an admissions screening model [47] , 6-intervention model [21] , and our group's initial 4-intervention model [18] . Lanzas and Dubberke reported that screening reduced HO-CDI by 25% and new colonizations by 52%, under the conditions that most closely replicate our model [47] . In comparison, the screening intervention rates of HO-CDI reduction (35.7%) and asymptomatic colonization reduction (39.2%) were highly correlated in our model. The smaller reduction in HO-CDI in the Lanzas and Dubberke model compared to the asymptomatic colonization rate may be due to modeling decisions and underlying assumptions regarding transitions between different patient clinical states.
The 6-intervention model by Rubin et al found that HCW hand hygiene had the greatest single-intervention impact on CDI rate [21] . Environmental cleaning was not effective, although it did not include sporicidal agents for terminal cleaning of non-C. difficile rooms or daily cleaning of any room and thus is not comparable to our study interventions. Similar to our findings, Rubin et al found HCW contact precautions to be ineffective at reducing HO-CDI. Our group's original model simulated treatment, HCW hand hygiene, environmental cleaning, and contact isolation [18] . While considerable changes have been introduced to the current model, it is notable that the environmental cleaning strategy was the most effective in both models.
Predictive validity, or a model's ability to predict future outcomes in real-life scenarios, has not been assessed for any C. difficile agent-based model in the literature. Our model is easily customizable to an individual hospital's infection control context. By inputting its own intervention compliance data, a facility could determine customized results on intervention comparative effectiveness at its institution. Future evaluations of predicative validity are needed to provide additional evidence for the applicability of outcomes to real-world settings.
Despite its complexity, this model relies on many simplifications and assumptions that allow the model to be computationally tractable and reflect the availability of parameter estimate data in the literature. For example, the model does not incorporate patient heterogeneity beyond age and antibiotic usage. Yet, known risk factors such as immunocompromised status, history of hospitalization, and prior C. difficile infection result in underlying variability in C. difficile susceptibility to colonization and infection.
Infection and colonization are also simulated by a generic C. difficile strain. Thus, the model does not account for inherent differences in transmission and health outcomes across strains such as Bl/NAP1/027. Furthermore, the hospital layout is defined as a series of identical patient rooms and wards. This does not allow for investigation of potentially unique transmission dynamics in an intensive care unit or bone marrow transplant ward, or for evaluation of the impact of these high-risk units on hospital-wide C. difficile transmission.
Finally, we did not evaluate an antibiotic stewardship intervention. While recent evidence has shown that fluoroquinolone restrictions may be particularly effective at reducing CDI rates [48] , proper modeling of this intervention requires more robust consideration of patient heterogeneity than is possible using currently available data in the literature. Thus, the effectiveness of an antibiotic stewardship intervention has not been evaluated by any existing agent-based C. difficile models to date [18, 21, 47] .
CONCLUSIONS
This C. difficile agent-based model is the first to compare patient-centered interventions with hospital-centered strategies. Our results provide much-needed direction to HCWs and infection control leadership regarding which interventions to prioritize to optimally control disease transmission. The findings also highlight the importance of patients' own hand hygiene, which has historically been overlooked. Many interventions we found to be highly effective are horizontal approaches to infection control that are not pathogen-specific [22, 39, 49, 50] . These strategies are key to the prevention of countless infectious diseases and our results have implications well beyond prevention of C. difficile.
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